Noninvasive functional imaging holds great promise for serving as a translational bridge between human and animal models of various neurological and psychiatric disorders. However, despite a depth of knowledge of the cellular and molecular underpinnings of atypical processes in mouse models, little is known about the large-scale functional architecture measured by functional brain imaging, limiting translation to human conditions. Here, we provide a robust processing pipeline to generate high-resolution, wholebrain resting-state functional connectivity MRI (rs-fcMRI) images in the mouse. Using a mesoscale structural connectome (i.e., an anterograde tracer mapping of axonal projections across the mouse CNS), we show that rs-fcMRI in the mouse has strong structural underpinnings, validating our procedures. We next directly show that largescale network properties previously identified in primates are present in rodents, although they differ in several ways. Last, we examine the existence of the so-called default mode network (DMN)-a distributed functional brain system identified in primates as being highly important for social cognition and overall brain function and atypically functionally connected across a multitude of disorders. We show the presence of a potential DMN in the mouse brain both structurally and functionally. Together, these studies confirm the presence of basic network properties and functional networks of high translational importance in structural and functional systems in the mouse brain. This work clears the way for an important bridge measurement between human and rodent models, enabling us to make stronger conclusions about how regionally specific cellular and molecular manipulations in mice relate back to humans.
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connectivity | mouse | resting-state functional MRI | structural connectivity | default mode network U nderstanding the functional architecture of brain systems in both typical and atypical populations has the potential to improve diagnosis, prevention, and treatment of various neurologic and mental illnesses. Human functional neuroimaging, because of its ease of use, noninvasive nature, and wide availability, has significantly advanced this goal. However, because functional brain imaging is an indirect measure of the underlying neuronal dynamics (1), a number of basic questions about the molecular and structural underpinnings of these functional signals needs to be answered before the full clinical promise of the technique can be realized. Insight into these underpinnings would be vastly enhanced by translation to rodent models, where rich methodology for studying high-throughput genetic, histological, and therapeutic conditions in a tightly controlled environment exists. Mouse models, in particular, are likely to contribute significantly to this end.
Efforts aimed at using mouse models to enrich findings obtained in humans with noninvasive imaging would benefit greatly from bridge measurements-measurements that can be obtained and compared directly between species, such as resting-state functional connectivity MRI (rs-fcMRI). Importantly, rs-fcMRI has provided invaluable insight into the large-scale topological organization of the human brain (2-4), how it relates to complex behaviors, and how it can be disrupted in disordered populations (5) (6) (7) (8) . In addition, rs-fcMRI is comparable across species, persists under light anesthesia, and allows for a broad view of intricate regional functional interactions without task inputs (9, 10) . The capacity to image the murine brain with rs-fcMRI would effectively bridge clinical studies of human subjects with a vast array of techniques used to understand brain function with mouse models.
Although functional brain networks have been well-characterized in humans and to an increasing extent, macaques, a remaining question is whether there is conservation between species in large-scale topological features, such as the "Rich Club"-a system where highly connected brain regions (or hubs) also connect strongly with each other (11) (12) (13) . Advances in rs-fcMRI and its computational evaluation have begun to shed some light on homology between brain networks in primates (14) ; however, there is a paucity of studies comparing primates with rodents. Despite evidence for intrinsic functional connectivity in rats (15) (16) (17) (18) (19) and to a lesser extent, mice (20) (21) (22) (23) (24) , comparing large-scale network organization between mice and primates has proven difficult.
Of particular interest are prototypical functional networks, such as the default mode network (DMN). The DMN is a set of interconnected brain regions that were originally shown to decrease their level of activity in humans during goal-directed tasks (25, 26) . These regions have subsequently been shown to be highly functionally connected in the human (27) and the macaque Significance Noninvasive brain imaging holds great promise for expanding our capabilities of treating human neurologic and psychiatric disorders. However, key limitations exist in human-only studies, and the ability to use animal models would greatly advance our understanding of human brain function. Mice offer sophisticated genetic and molecular methodology, but correlating these data to functional brain imaging in the mouse brain has remained a major hurdle. This study is the first, to our knowledge, to use whole-brain functional imaging to show large-scale functional architecture with structural correlates in the mouse. Perhaps more important is the finding of conservation in brain topology and default network among rodents and primates, thereby clearing the way for a bridge measurement between human and mouse models. 9, 28) . In addition, strength of functional connectivity in this system has been tied to several neurologic and psychiatric conditions, including Alzheimer's disease, Autism Spectrum Disorders, and Attention Deficit Hyperactivity Disorder (ADHD) among others (29) . In rats, functional connectivity work has now revealed a potential default system surrogate (16); however, this network has yet to be revealed in the mouse, where rich genetic models, behavioral methodology, and the complete structural connectome exist. In addition, it is unclear whether this surrogate default system corresponds to direct connections of the underlying structural connectome.
This report fills this void by developing a high-resolution rsfcMRI approach in mice, which combines with a brain-wide axonal projection mapping matrix [Allen Institute for Brain Science; connectivity.brain-map.org (30) ] to (i) examine the structurefunction relationships of rs-fcMRI in the mouse, (ii) directly test how well basic functional connectional topology is conserved between primates and the mouse, and (iii) considering this topology, identify whether a default mode-like network in mice exists.
Results
Strong Concordance Between Functional and Structural Connectivity.
We first set out to validate our functional connectivity procedures by examining structure-to-function relationships in mouse connectivity by comparing our rs-fcMRI data with the full mouse brain axonal tracer-derived structural connectome. Qualitative maps of the functional and structural connections of selected seed regions are provided in Fig. 1 . Selected seed regions reveal strong ties between the rs-fcMRI and the structural connectivity dataset in the primary motor cortex (10% connection density threshold) and dorsal anterior cingulate area seed regions (12% density threshold; also correspondence across species) (Fig. S1) .
We next use quantitative analyses to examine how well functional connections are predicted by structural connections across all seeds. Using the structural data as the baseline, we generated a series of receiver operator characteristic curves ( Fig. 2A ) that began by examining the direct structure-function correspondence of the top 1% of structural connections. We followed this with a similar curve of the top 2% of structural connections and so on through 100% of the structural connections. Fig. 2A shows that the structural and functional data show strong correspondence across the series of curves, with the strongest correspondence having 78.26% sensitivity and 81.69% specificity for the top 1% of structural connections. This relationship highlights that functional connections, although not expected to be identical (Discussion), are tightly linked to underlying structural architecture, which is shown in other species (31) (32) (33) . What is also clear from these plots is that the strongest structural connections (more than the top 10%) are more tightly related to the functional data. Importantly, compared with diffusion tensor imaging studies in humans and macaques (34) , the axonal tracer structural data here have directionality. We found that the strongest correspondence was for the averaged axonal structural information (i.e., an average of the efferent and afferent projections between two nodes).
We note that, although the overall similarity between the connection matrices is strong, it is not perfect. Direct scatter plots and linear regression analysis comparing the correlative strength between functional and structural connections are highly significant (P < 0.00001) but modest in strength [Pearson's r (R) = 0.24] (Fig.  2B ). As expected, using only the top 40% of structural connections Structural weights (i.e., nonzero connections) from the structural matrix (x axis) were compared with the corresponding functional weights of the functional connectivity data (y axis). Structural connection weights were log-transformed. A modest Pearson's r value was observed with high significance (P < 0.00001). (C) The r value improved when the top 40% of the structural connections (i.e., top 10% of the total matrix) in B were considered (again with high significance; P < 0.00001). The structural data are presented on a lognormal scale because of the large range of connection strengths in the axonal structural data. TPR, true positive rate; FPR, false positive rate.
shown in Fig. 2B (i.e., top 10% of the total graph), the R values increased to 0.3 (Fig. 2C) , showing stronger correlation when only examining the strongest structural connections.
Homology Between Mouse and Primate Functional Connectivity. Having shown reliable structure-function relationships, we next set out to determine whether features in the functional topology of the mouse connectome are shared across the species. Prior work has determined that many complex systems, including the brain, show a topological organization that supports a Rich Club system. Here, we expand on this concept and focus our efforts by determining the patterns in which a given region's number of connections (i.e., rich or poor) determines how that node will connect with the remaining regions of the system. Understanding such topological properties in rodents and how they compare with primates provides important context when attempting to examine a specified system (such as the default network) across species. It is an important consideration when evaluating the potential role, presence, and/or function of a potential default system in the mouse. Functional topology was examined at three differing thresholds. We began by thresholding the functional connectivity matrix to match the density observed in the structural connectivity matrix, which has a density of 16.46%, followed by examinations at 10% and 20% connection densities. Fig. 3 , Upper Left provides the degree and connectional distributions of the mouse functional connectome that rank orders nodes by their number of connections into 20 bins on each axis. The z axis then provides information on the percentage of existing connections from a given bin that connect to other nodes of varying degree. To test whether the observed connectional distribution differs significantly from what would be expected by chance (35), we generated 10,000 random connectivity matrices that preserved the degree distribution of the mouse connectome (Fig. 3, Upper Center) . These two distributions were used to fit the data to their respective distribution functions, f A (mouse) and f B (random), as shown in Fig. 3 , Lower (SI Methods). Simple subtraction of the data and its corresponding random realizations (Fig. 3, Right) shows qualitatively that the observed distributions are different from what are expected by chance (i.e., regions of high degree tend to connect with each other at a greater rate than would be expected by chance). Direct comparisons of these distributions (Fig. S2 ) were first measured with the discriminative function (D), which assumes that the mouse connectivity distribution is similar to the test distribution if D peaks at 0.5 (also represented by D*, the discriminant function for the null hypothesis). Calculating the cumulative distributions (Fs), shown in Fig. S2 , allows direct comparison with the Kolmogrov-Smirnov test, because they are univariate distributions (35) (details in SI Methods). The combination of D and F measures deviating from 0.5 ( Fig. S2A ) and the fact that the distances between the two distributions (ds) are significantly different (P < 0.0001) show that the organization of the system in the mouse is significantly deviant from random chance. Highly connected regions tend to connect with themselves at a level greater than would be expected by chance. This finding would be similar to prior work, which has shown the presence of the Rich Club in other model systems (12, 36, 37) using a more tradition coefficient measure (Figs. S3, structural connectomes, and S4). For reference, node degrees for all regions are presented in Table S1 and as a surface map in Fig. S5 .
Next, we applied this approach to assess homology in network topology between mice and primates. Comparisons of the mouse functional connectivity matrix were made using a density connection of 16.46% (i.e., density of the structural connectome) (Methods), with the corresponding functional data from macaques and humans at the same connection density. Again, this analysis was conducted at 10% and 20% connection densities as well (Figs. S6 and S7 ). Fig. 4 shows how this connectional distribution compares with the macaque at a 16.46% connection density. Here, we see a similar overall distribution with some caveats. Notably, highly connected nodes seem to be more strongly connected to each other in the macaque relative to the rodent. In contrast, in the rodent, highly connected nodes tend to connect more often to other nodes that may have a moderate node degree. Importantly, the distributions of the connectional topology between the species were, indeed, significantly different (P < 0.0001), which was measured with the Kolmogrov-Smirnov test (Fig. S2B) .
Connectional topology was then compared between the mouse and human datasets (Fig. 5) . Similar trends as those of the macaque were identified (P < 0.0001) (Fig. S2C) , with the main finding that highly connected nodes are similarly more connected to each other in the human than the rodent. In addition, highly connected nodes in the mouse tend to connect more often to other nodes that may have a moderate node degree. Last, in the human, not only do regions that have high degrees preferentially connect to nodes that also have high degrees, but nodes of any rank tended to connect to other nodes of similar rank. In other words, in humans, most of the connections are among bins with the same connection density (i.e., along the diagonal). Overall, these data suggest that, although the overall topology of the mouse shares features observed in primates, there are unique and likely important differences between the species.
Connectivity in the DMN. Understanding both some similarities and differences in the large-scale topology of the mouse from the prior Comparison between the mouse and macaque connectomes. Rankrank distributions were compared between the mouse and macaque functional data using the same methodology as in Fig. 3 .
analyses, we next sought to evaluate whether a presumptive DMN identified in primates is also present in the mouse by first identifying seed regions that would allow for such a comparison. Seed-based correlations were conducted in humans, macaques, and mice. The macaque area parcellation scheme was based on the works by Miranda-Dominguez et al. (14) and Paxinos et al. (38) . This macaque area atlas was registered through surface registration to the human data as well (14), such that the same area atlas could be used for both human and macaque comparisons (14, 39) (SI Methods). In the mouse, the area atlas used for comparisons was based on the atlas provided by the Allen Institute for Brain Science (SI Methods). Seed regions were chosen based on their presumptive importance as a major hub in the default system and their cytoarchitectural homology between species. For humans and macaques, we initially chose the retrosplenial cortex (RSP; area 30), because prior work has reported a ventral subsystem of the DMN that includes this area (23, (40) (41) (42) . The murine RSP was used as the seed region based on prior work in the rat (16) . Of note in our murine parcellation scheme, the RSP is subdivided into three regions [lateral agranular (RSPagl), dorsal, and ventral]. Based on posterior midline orientation and similar cytoarchitecture to the primate, we chose to focus on the RSPagl in mice. Furthermore, the RSPagl shares some similar orientation and cytoarchitecture to area 30 in the primate (43) (44) (45) (46) . However, recognizing that other regions are potentially suitable for posterior midline seed regions of the default system, we ran supplementary analyses with alternative RSP candidates as well (SI Methods and Fig. S8 ). Qualitatively comparing the DMN connections of area 30 in the macaque and humans (Fig. 6 ) with the RSPagl in mice (Fig.  7A) shows similarity in the overall pattern of connections. In the mouse, the RSPagl showed strong connectivity to the parietal, anterior cingulate, medial orbital, and parietal areas. In the human and macaque, area 30 also showed strong connectivity to the presumptive corresponding regions. Importantly, the structural connectivity of the mouse, based on the axonal tracer structural connectome, revealed similar relationships, because the functional data highlight the first-level structural-functional correspondence (Fig. 7B) . Of note is the presence of a superior default system in humans and nonhuman primates involving area 23 in the posterior cingulate cortex (Fig. 6) , a region that has no clear correlate in the mouse (40, 45) (SI Methods). The implication here is that, although a full DMN is not present in the mouse, an inferior subsystem is potentially conserved between species. The superior module of the default system may reflect the expansion of the cortex over time to include additional higher-order networks (40, 47, 48) .
Discussion
In this report, we show on a whole-brain level the use of a robust image-processing pipeline to generate rs-fcMRI images in the mouse. We see a strong correspondence between structure and function, thus validating our procedures. We see shared, albeit not identical, connectional distributions, which highlight preserved topology across the species. Importantly, we see the presence of a default mode-like subsystem even in rodents, although as noted below, correspondence should be interpreted with care.
Structure-Function Correspondence in the Mouse Brain. Elegant studies in primates have shown concordance between functional and structural connectivity using either a combination of empirical and modeled data or the study of discrete connections using a combination of structural (projection tracing) and functional measures (fc-rsMRI) (32, 41, 49, 50) . Until recently, this comparison in mice would have been limited to compiling incomplete tracer studies from individual groups, which is currently being conducted for the macaque (51) . In this report, we were able to extend these studies and validate our approach by performing a whole-brain analysis in the mouse that combines mesoscale axonal projection maps with our rich functional connectivity dataset.
In agreement with the work by Shah et al. (20) and in contrast to other imaging approaches in mice, we see strong bilateral connectivity in the mouse brain, despite the use of anesthesia (52) . Additionally, we also show intact distributed systems, likely because of the high-resolution imaging used combined with our innovative image acquisition and processing platform, which included directly mapping known functional areas in the mouse to the MRI data.
Although these findings were supportive of our procedures, our primary mode of validation involved the initial demonstration that, across the entire brain, functional connectivity has a strong structural foundation. As hypothesized, structural connectivity can predict functional connectivity in the mouse, a result similar to that observed on a smaller scale in humans and macaques (32-34, 41, 53-55) . We note that other studies have looked at rodent functional connectivity data using rs-fcMRI with limited success (16, 19, 21, 22, 56, 57) . Others have used optical intrinsic signal technique (23) , which is limited to surface views of the cortex with an inability to probe deep brain structures. Here, we provide a high-resolution functional connectivity measure that overcomes a number of technical hurdles associated with imaging a small brain. Some discrepancy between the functional and structural data was noted and could be caused by polysynaptic connections in the functional data, registration error [of the echo-planar imaging (EPI) or structural data to the atlas], signal dropout in the EPI, or other physiological confounds. Future studies optimizing the functional data acquisition, processing, and registration may lead to stronger correspondence.
Homology Between Large-Scale Functional Topology in Primates.
Although some important caveats are apparent, our large-scale topological analysis provides some of the first evidence that certain properties of the functional connections between primates and mice are largely conserved; however, there were unique differences identified that may provide fodder for future study. The analysis focused on examining the way in which a node's degree (i.e., number of connections) rank dictated how it connected to the other nodes of various rank. For example, recent and prominent work in the connectivity literature has identified that the brain in primates is organized as a Rich Club. This organization seems to be an important topological feature of the primate brain but also, many other complex systems (11) (12) (13) . Importantly, disruption in this level of organization has also been implicated in several complex mental disorders (58, 59) . In this report, we added another level of inquiry to this particular line of work, in that we examined the nature in which highly connected nodes connect to not only the rest of the system but also, all nodes of any given rank. We felt that understanding this whole-brain topological structure provides important context in which to consider specified networks, such as the default system.
Our findings indicate that the highly connected nodes in the mouse brain (like the primate brain) are connected with each other at a rate greater than would be expected by chance (i.e., a Rich Club). These findings suggest that this topological property is conserved across the species. The findings also suggest, however, that, in humans as opposed to rodents, not only do regions that have high degree preferentially connect to nodes that also have high degrees, but nodes of any rank tended to connect to other nodes of similar rank. Such results highlight that, although the overall topology of the mouse shares features observed in primates, there are unique and likely important differences between the species with this regard.
Overall, these findings highlight that, although specific connections or putative cortical areas within the rodent and primate brain might not correspond directly across the species, many of the network properties might. Such topological features might, therefore, serve as candidates markers for cross-species translational studies (14) .
Potential DMN Is Present in Mice. One of the primary goals of this report was to identify the potential presence of the DMN in mice. In a way that mimics what has previously been identified in the rat, we were, indeed, able to identify a presumptive DMN both structurally and functionally. The regions involved included cingulate, orbitofrontal, and parietal cortices both structurally and functionally. These regions overlap nicely with regions from macaques and humans (Figs. 6 and 7) . Other regions in the mouse functional data were also identified that were less expected. These areas included primary visual and somatosensory areas. Although these data are consistent with work in the rat (16, 42) , they do represent an important deviation from the primate brain. We note that the structural data do not show this same phenomenon, highlighting that these relationships are not monosynaptic. Nonetheless, these types of discrepancies highlight the difficulties in comparing functional connectivity patterns across primates and rodents and make clear the need for additional experimental conditions to solidify this potential homology.
Although the potential presence of this DMN subsystem appears intact in the mouse, there is a very important caveat. In primates, it has been proposed that the default system is split into a dorsal component and a more evolutionary distant ventral component (40, 48) . At its core, the ventral component consists of the RSP, orbitofrontal cortex, and parietal cortices. The mouse has all of these component areas, and as noted above, they are both structurally and functionally connected (i.e., the DMN). The dorsal component of the default system consists of the posterior cingulate cortex, likely area 23 (Figs. S1-S8 ), and the dorsal medial prefrontal cortex at its core (40) . Importantly, there is no clear correlate of area 23 in rodents (45) . In addition, similarities of the frontal cortex are minimal between the rodent and humans (48) . These facts suggest that, although a small component of the default system exists in the mouse, it is not present to the fullest extent as observed in primates (Figs. 6 and 7) .
We note that examining DMN homology between species should be interpreted with care considering the difficulty in precisely linking corresponding areas between species. Nonetheless, the findings presented here suggest that a subcomponent of the DMN is present in the mouse, enabling the use of high-throughput genetic, histological, and therapeutic manipulations that can be applied to better understand the system's function in health and disease. r Fig. 7 . Presence of the inferior DMN core in mouse functional and structural connectivity. The mouse seed region (red) used was the RSPagl, because it shows similar cytoarchitecture and location to that of area 30 in primates (45, 46) . Both the (A) functional and (B) structural data in the mouse show hallmarks of the inferior DMN subsystem in primates, including the parietal cortex (pink arrow), the lateral/medial orbital cortex (orange arrow), and the cingulate area (yellow arrow). The r label refers to correlation coefficient; s refers to the relative strength of the structural connections (30) .
Methods
Detailed methods are described in SI Methods. In total, nine C57Bl/6J adult male mice were used in the rs-fcMRI experiments. All mice were anesthetized with 1-1.5% (vol/vol) isoflurane throughout the MRI procedure. All Human Subjects provided written consent for the imaging protocols approved by the Oregon Health & Science University Institutional Review Board (IRB). For rs-fcMRI, a Bruker 11.75T magnet equipped with a high-bandwidth shim power supply and MAPSHIM automated shimming was used to maximize resolution and improve local field homogeneity. The rs-fcMRI consisted of a single-shot gradient EPI sequence. After acquisition, distortion was further decreased, and signal to noise was improved with a number of processing techniques frequently used in human fc-MRI studies (SI Methods).
From resting-state blood oxygen level-dependent data, separate region of interest resting time series were extracted separately and correlated region by region for each animal to create correlation matrices (represented as r in each color bar). Structural data were obtained from the Allen Institute for Brain Science. Both qualitative and quantitative analyses were carried out as detailed in SI Methods.
